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Abstract 
The knowledge of statistic characteristics in mechanical properties is important for designers in order to assess the 
reliability of structures. Scatter characteristics of fatigue limit, fatigue life and tensile strength for magnesium alloy 
were investigated in this study. At least 20 specimens were tested to obtain the scatter data of fatigue limit, fatigue life 
and tensile strength, respectively. The probability distributions of fatigue limit, fatigue life and tensile strength were 
evaluated by using Normal distribution and Weibull distribution function. The values of the Weibull modulus, m were 
159, 10, 175 for fatigue limit, fatigue life and tensile strength, respectively. Therefore, it can be concluded that scatter 
of fatigue limit is small and almost coincides with that of tensile strength, while scatter of fatigue life is significantly 
large compared to those of fatigue limit and tensile strength. The large scatter of fatigue life will be due to crack 
nucleation and small crack growth processes, which strongly depend on local microstructure near the crack nucleation 
region.
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1. Introduction 
 Statistical properties of fatigue behavior have been recognized as one of the important information 
required for reliable design of machines and structures that experience variable loads during operation. 
Many research works have been conducted to evaluate the fundamental statistical behavior of fatigue and 
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tensile properties, which have resulted in the development of various statistical approaches to laboratory 
data. 
Studies on scatter in fatigue life have received great attention by many researchers. For example, J. 
Schijve [1] evaluated the fatigue life data using three distribution functions i.e. log(N) Normal 
distribution, 3-parameter Weibull distribution and 3-parameter log(N-No) distribution. M.T. Todinov 
[2,3], P.J. Lazt and B.M. Hillberry [4] and J.Z. Yi et al. [5,6] were developed various probabilistic models 
for predicting fatigue life based on the probability distribution of either defect size or inclusion size.  
S. Nishijima [7] investigated statistical fatigue properties of steels for machine structural application. 
He reported that fatigue strength of the materials followed a normal distribution, as did their Vickers 
hardness. The fatigue strength variation represented by coefficient of variation, COV, increased with an 
increase in hardness. However, there have been no reports on statistical characteristics of fatigue limit. 
In the present study, scatter behavior of fatigue limit and tensile strength of extruded AZ61 magnesium 
alloy was investigated. Difference of scatter behavior between fatigue limit and fatigue life, which was 
referred from the previous work [8], was discussed. The scatter indexes represented by the Weibull 
modulus, m, and coefficient of variance, COV, were evaluated for discussing statistic characteristics of 
these properties. 
2. Experimental procedure 
The material used in this study for investigating scatter behavior of fatigue limit and mechanical 
properties was an extruded AZ61 magnesium alloy (6.53% Al, 0.96% Zn, 0.164% Mn, 0.024% Si, 
0.002% Fe, 0.001% Cu and balance Mg). The microstructure of the material used is shown in Fig. 1(a). 
As seen from the figure, the microstructure showed equiaxed grains with average grain size of 12μm. 
Fatigue test and tensile test were carried out using at least 20 specimens to obtain the scatter data of 
fatigue limit (at 106 cycles) and tensile properties for the extruded AZ61. The as-received AZ61 round bar 
with a diameter of 16mm was machined into the specimen with gage diameter of 3mm and gage length of 
6mm, as shown in Fig. 2 for both fatigue and tensile tests. The specimens were polished in the 
longitudinal direction using emery papers with grit size 280 to 1500. 
Fatigue tests for fatigue limit scatter study were conducted in an Electro-magnetic fatigue machine 
using sinusoidal wave form at a frequency of 100Hz with a stress ratio of -1 at room temperature. The 
stress level for fatigue limit scatter test was determined from the S-N curve obtained in advance. The 
procedures for the fatigue limit scatter test were as follows: 
a) Four stress levels were selected i.e. 140MPa, 142.5MPa, 145MPa and 147.5MPa with the stress step 
size, ΔSa=2.5MPa.  
b) Two specimens were tested at each level. The cyclic loading was continued until the specimen failure 
and if the specimen did not fail up to 106 cycles, the test was stopped. 
c) The stress step size was then reduced by half from 2.5MPa to 1.25MPa, followed by the testing of 2 
specimens at each stress level of 141.25MPa, 143.75MPa and 146.25MPa.  
d) The step (c) was repeated at smaller step size (0.625MPa) for obtaining sufficient number of fatigue 
limit data (about 20 data).  
e) Relationship between stress amplitude and number of cycles to failure is plotted as shown in Fig. 3. 
f) The 0-2 and 0-1-2 failure combinations, which are illustrated in Fig. 4, were extracted from Fig. 3 to 
obtain the fatigue limit, Sf, data. 
Fatigue limit could be estimated either by using 0-2 or 0-1-2 failure combinations according to JIS 
Z2273 [9] and ASTM E466-76 [10], where the definition is survival equal to 50%.  
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All dimensions are in mm 
(a) (b)
Fig. 1. Microstructure of (a) extruded AZ61 (b) rolled 
Fig. 2. AZ61 specimen geometry for fatigue limit and mechanical 
properties evaluations. 
 AM60B magnesium alloys.   
(b)(a) 
Fig. 3. Relationship between stress amplitude               Fig. 4. Methods for estimating fatigue limit, Sf, for AZ61; (a) 0-2 failure 
and number of cycles to failure for extruded AZ61.      combination (b) 0-1-2 failure combination.   
Scatter behavior of tensile properties of the extruded AZ61 alloy were also evaluated by using 20 
specimens. The tensile tests were conducted at a fixed crosshead speed of 2 mm/min. From the 20 stress-
strain curves obtained, four tensile properties i.e. tensile strength, 0.2% proof strength, true fracture strain 
and elongation were evaluated to produce a scatter data. Finally, statistic software was used to analyze all 
the fatigue properties and tensile properties scatter data. 
3. Results and discussion 
3.1 Scatter in fatigue limit and tensile strength 
Normal distribution and Weibull distribution functions were used to describe the scatter data. Data 
fitting condition of both functions was given by coefficient of determination, R2. Since the R2 obtained  
(Tables 1 and 2) were greater than 0.90, it can be concluded that all scatter data can be sufficiently 
described by Normal and Weibull distributions. However, Weibull distribution provided better fitting for 
almost all data compared to that of Normal distribution as indicated by higher R2.
The probability distribution parameters obtained from statistical analysis are shown in Tables 1 and 2. 
The value of Weibull modulus, m, and the coefficient of variation, COV (ratio of standard deviation to 
mean value in percentage), are measures for scatter of the data. Larger Weibull modulus implies smaller 
scatter, whereas larger COV implies larger scatter. The results showed that both scatter indexes matched 
each other for all the properties, which proves that the indexes can be used to explain the scatter of data.   
As can be seen from Tables 1 and 2, Weibull modulus and COV of tensile strength and fatigue limit 
data indicated that the scatters of both properties were extremely low compared to those of other 
properties. These results are identical with the one reported on steel by S. Nishijima [7]. He reported that 
the COV were 0.9-2.7 and 0.4-4.6 for the fatigue limit and tensile strength, respectively. This implies that 
small number of specimens is sufficient to roughly estimate these properties of extruded AZ61 since their 
variations are very low. 
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Table 1. Weibull distribution parameters and R2 for fatigue limit and tensile properties data. 
Statistical parameter (Weibull distribution) 
Property 
R2 Weibull modulus, m
Scale parameter, 
X
a
Fatigue limit, S
f 0.9756 158.94 144.03 MPa 
Tensile strength, Su 0.9626 174.51 325.75 MPa 
True fracture strain, ε
f 0.9779 31.85 0.43
0.2% Proof stress, S0.2% 0.9324 21.06 237.73 MPa 
Elongation, γ 0.9855 10.95 24.27 % 
Table 2. Normal distribution parameters and R2 for fatigue limit and tensile properties data. 
Statistical parameter (Normal distribution) 
Property R2 Mean, μ Std. deviation, σ Coef. of variation, β
Fatigue limit, S
f
0.9514 143.55 0.95 0.66
Tensile strength, Su 0.9157 324.87 MPa 1.79 MPa 0.55
True fracture strain, ε
f
0.9461 0.4238 0.0148 3.49
0.2% Proof stress, S0.2% 0.9249 233.95 MPa 13.39 MPa 5.72
Elongation, γ 0.9456 23.21% 2.27% 9.78
(a) (b)
Fig. 5. Relationships between (a) Fatigue limit vs hardness and (b) Tensile strength vs hardness. 
H. Bomas et al. [11] reported that fatigue limit depended on hardness and residual stresses of the 
specimen. And as reported by X. Zheng and J. Wei [12], the scatter of tensile strength was due to the 
inhomogeneity in chemical composition and microstructure. Therefore, the present results suggested that 
the extruded AZ61 specimens used in this study had a uniform hardness and residual stress and were 
homogeneous in chemical composition and microstructure. Figure 1(a) provides evidence of the 
homogeneous microstructure in the extruded AZ61. The Vickers hardness test results measured on fatigue 
and tensile specimens are shown in Fig. 5. The figure indicated that the extruded AZ61 specimens have 
small variation in hardness and no systematic relationships between fatigue limit and hardness and 
between tensile strength and hardness.   
The similarity of scatter pattern between fatigue limit and tensile strength can be explained by linear 
relationship between these two properties (Sf=αSu). The scatter in one property will affects the variation 
in another property. By comparing the mean value of fatigue limit and tensile strength shown in Table 2, 
the value of α is estimated as 0.44. Based on the above relationship, the estimated fatigue limit was in the 
range of 143.17-145.39 which was comparable to the actual scatter range of 142.19-145.31MPa. This 
implies that the scatter of fatigue limit can be estimated if the scatter data in tensile strength is known.   
The scatter of other tensile properties which are proof stress and true fracture strain were large. It is not 
always clear why the scatter of fatigue limit and tensile strength is small compared to that for other 
properties. 
1236  S. Mohd et al. / Procedia Engineering 10 (2011) 1232–1237
3.2 Comparison of scatter behavior between fatigue limit and fatigue life 
In the previous work [8], scatter behavior of fatigue life has been investigated, where the material was 
a rolled AM60B (6.1% Al, 0.38% Mn, 0.03% Zn, 0.02% Si, 0.003% Fe, 0.001% Cu and balance Mg). 
The mechanical properties and average grain size of extruded AZ61 and AM60B are summarized in Table 
3.  The equiaxed grain structure (Fig.1(b)) with different average grain size might lead to significant 
distinction in mechanical properties between the two materials. However, since crack nucleation 
mechanism and small crack growth behaviour are important factors to the scatter of fatigue life, it would 
be assumed that both extruded AZ61 and rolled AM60B have similar fatigue life scatter characteristics. 
Figure 6 reveals that a fatigue crack nucleation from the surface for both the defect free AZ61 and 
AM60B specimens.  
As for the fatigue life scatter evaluation [8], as-rolled AM60B plates were cut into 35x10x2 mm plate 
specimens. Four-point bending fatigue test with inner and outer span lengths of 10mm and 30mm, 
respectively, was carried out on a servo-hydraulic testing machine with 1kN load cell using sinusoidal 
wave form at a frequency of 20Hz and a stress ratio of 0.1 under controlled temperature of 20°C and 
relative humidity of 55%RH. Stress amplitude of 100MPa corresponded to fatigue life of 105 cycles was 
selected for the fatigue life scatter evaluation with 20 specimens.   
From the fatigue test results, the statistical parameters are summarized in Table 4. As expected, the 
scatter of fatigue life was significantly large compared to fatigue strength and tensile strength shown in 
Tables 1 and 2. It was more than 15 times larger than that of fatigue limit.  
Fatigue life includes crack nucleation life and crack propagation life. Fatigue crack nucleation is 
surface phenomenon for the materials without defects [13]. Multiple slip formation and subsequent 
persistent slip band formation are main crack nucleation mechanisms, which are followed by small fatigue 
crack growth under the influence of microstructure. The surface grains are less constrained compared to 
subsurface grains thus slips will easily start on the surface. However, J. Schijve [13] has reported that not 
all the micro-cracks can grow until fracture due to the existence of barriers like grain boundary, which 
delay or arrest the crack growth. The delayed behavior might be influenced by the orientation of the grain 
boundary in front of the crack tip, the difference of grain orientations and so on. The presence of such 
barriers may result in large scatter of small fatigue crack growth behaviour and then fatigue life.  
Small scatter in fatigue limit can be explained by the fact that fatigue limit is determined by only one 
phenomenon of crack nucleation, while fatigue life is determined by two phenomena of crack nucleation 
and propagation, which causes large scatter of fatigue life. 
Table 3. Mechanical properties and average grain size of the extruded AZ61 and rolled AM60B magnesium alloys. 
Material 0.2% Proof stress, S0.2% (MPa) Tensile strength, Su (MPa) Elongation, γ (%) Average grain size, (μm) 
Extruded AZ61 234 325 23 12
Rolled AM60B 186 283 18 151
Table 4. Statistical parameter of fatigue life data for the rolled AM60B alloy. 
R2 Weibull modulus, m Scale parameter, XaWeibull  
distribution 0.9722 9.93 65081 cycles 
R2 Mean, μ Std. deviation, σ Coef. of  variation, βNormal  
distribution 0.9819 61935 cycles 7145 cycles 11.54
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(a) (b)
(c)
(d)
Fig. 6. Observations of crack nucleation region of fatigue test specimens; (a) Extruded AZ61 (σa=147.5MPa, Nf =37892 cycles), (b) 
Extruded AZ61 (σa=145MPa, Nf =4811144 cycles), (c) Rolled AM60B (σa=100MPa, Nf =73616 cycles) (d) Rolled AM60B (σa=
100MPa, Nf =55288 cycles). 
4. Conclusions 
In the present study, scatter behavior of fatigue limit and tensile strength was investigated and 
compared with that of fatigue life. The main conclusions obtained are summarized as follows. 
1) The scatter data for fatigue properties and tensile properties evaluated in this study could be sufficiently 
described by using Normal distribution and Weibull distribution. 
2) Coefficient of variation, COV, and Weibull modulus were capable to measure the scatter of data. 
3) The scatter of both fatigue limit and tensile strength was very small and comparable to each other. The 
homogeneous microstructure, chemical composition and residual stress of the material might contribute to 
the small scatter of the both properties. 
4) The scatter of fatigue life was very large compared to that of fatigue limit. This large scatter may result 
from that fatigue life is dominantly determined by two phenomena of crack nucleation and small fatigue 
crack growth, while fatigue limit is determined by one phenomenon of crack nucleation.  
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